NK cell-mediated regulation of antigen-specific T cells can contribute to and exacerbate chronic viral infection, but the protective mechanisms against NK cell-mediated attack on T cell immunity are poorly understood. Here, we show that progranulin (PGRN) can reduce NK cell cytotoxicity through reduction of NK cell expansion, granzyme B transcription, and NK cell-mediated lysis of target cells. Following infection with the lymphocytic choriomeningitis virus (LCMV), PGRN levels increased -a phenomenon dependent on the presence of macrophages and type I IFN signaling. Absence of PGRN in mice (Grn -/-) resulted in enhanced NK cell activity, increased NK cell-mediated killing of antiviral T cells, reduced antiviral T cell immunity, and increased viral burden, culminating in increased liver immunopathology. Depletion of NK cells restored antiviral immunity and alleviated pathology during infection in Grn -/mice. In turn, PGRN treatment improved antiviral T cell immunity. Taken together, we identified PGRN as a critical factor capable of reducing NK cell-mediated attack of antiviral T cells.
Introduction
Progranulin (PGRN) is a secreted protein associated with cancer and inflammation (1) (2) (3) . PGRN is expressed and secreted during wound healing and can accelerate the healing process (4) and alleviate TNF-mediated rheumatoid arthritis (5) . PGRN deficiency triggers increased expression of proinflammatory cytokines, including TNF and IL-6, by macrophages and microglia (6, 7) . Elastase cleaves PGRN into smaller granulin peptides, which have been shown to augment TLR9 signaling by enhancing delivery of CpG-oligodeoxynucleotides (CpG-ODNs) (8) .
The functional relevance of PGRN is demonstrated through its direct contribution to several diseases. Inactivating mutations in the GRN gene are one underlying cause of frontotemporal dementia, a neurodegenerative disorder resulting in language, personality, and behavioral changes (9, 10) . PGRN haploinsufficiency results in the accumulation of pathologic inclusions in neurons and glia cells containing phosphorylated and ubiquitinated TDP-43 (11, 12) . TDP-43 inclusions are also present in the motor neuron disease amyotrophic lateral sclerosis, indicating overlapping molecular etiologies (11) . As PGRN can be transported into lysosomes through the binding receptor sortilin-1 (SORT1) (13) defects in PGRN are also associated with reduced autophagic pathways, which also possibly contribute to the formation of the pathologic TDP-43 inclusions (14, 15) .
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physiological and cellular processes is highlighted by its role in human disease. While there is a strong implication of PGRN's involvement in modulation of the immune system, whether and how PGRN modulates NK cell-dependent, antigen-specific, or antiviral immunity is not well studied.
It is well established that NK cells have antiviral activity and that NK cell-mediated killing of virus infected cells can contribute to elimination of viral infections (23) . However, during chronic viral infections, NK cell-mediated attack of antiviral T cells can limit T cell immunity (24, 25) , and NK cell depletion can result in clearance of an otherwise chronic viral infection (26) (27) (28) . NK cell activity is orchestrated by a balanced expression of activating and inhibitory receptors on NK cells -as well as ligands expressed on other immune cells, including T cells -that trigger them (29) . Type I IFN (IFN-I), induced during the course of a viral infection, protects antiviral T cells from NK cell-mediated attack (30, 31) . IFN-I reduces expression of NKp46 activating ligands on the surface of antiviral T cells and increases expression of the inhibitory NK cell receptor ligands MHC-I and MHC-Ib, thus shifting the equilibrium toward NK cell inhibition (30, 31) . On the other hand, lack of inhibitory molecules during viral infection can result in increased NK cell activation and consequent deletion of antiviral T cells (32) . NK cell-mediated regulation of antigen-specific T cells is also observed in human disease. Specifically, expression of NK cell inhibitory receptors and their ligands correlates with clearance of hepatitis C virus infection (33, 34) . NK cells can target anti-HBV-specific T cells, contributing to T cell dysfunction (35) . Notably, an ILC population induced suppression of antitumor-specific T cells in ovarian cancer (36) . Taken together, NK cell-mediated T cell inhibition during infection is a complex and finely tuned process, and there are many unknown factors regulating T cell escape from NK cell-mediated regulation.
In the current study, we have identified PGRN to inhibit NK cell-mediated cytotoxicity and to promote T cell immunity during lymphocytic choriomeningitis virus (LCMV) infection. Absence of PGRN resulted in enhanced regulatory NK cell function and reduced antiviral T cell immunity. In turn, NK cell depletion restored T cell immunity and prevented viral persistence in Grn -/mice.
Results

NK cell-mediated cytotoxicity is limited by PGRN.
In order to test whether PGRN directly affects NK cells, we exposed murine NK cells to different doses of recombinant human PGRN. Interestingly, the presence of PGRN reduced the IL-2-mediated expansion of NK cells in a dose-dependent manner ( Figure 1A and Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/jci. insight.129856DS1). Flow cytometry analysis, by staining these NK cells with 7-AAD/Annexin V, suggested that PGRN inhibits NK cell expansion on a mechanism that is independent of proapoptotic effects (Supplemental Figure 1B ). In turn, we found an increased presence of NK cells in the G0/G1 stage and, consequently, a reduced proportion of NK cells in the S phase (Supplemental Figure 1C ). Notably, PGRN-treated and untreated NK cells were characterized by comparable expression levels of activating and inhibitory receptors (Supplemental Figure 1D ). Furthermore, PGRN reduced NK cell-mediated cytotoxicity toward RMA/S cells ( Figure 1B ). NK cell-mediated cytotoxicity is triggered by perforin and granzymes (37) . Indeed, granzyme B and perforin mRNA expression levels in NK cells were reduced following exposure to PGRN ( Figure 1C ). Consistently, granzyme B protein levels were lower in PGRN-treated cells than control cells ( Figure 1 , D and E). We also observed reduced protein levels of granzyme B at later time points during NK cell tissue culture following PGRN addition ( Figure 1F ). We speculated that PGRN interferes with NK cell activation and expansion. On the basis of our in vitro observations, we stimulated NK cells harvested from spleen tissue with cytokines, IL-2, IL-12, IL-15, and/ or IL-18 and found an increase in granzyme B expression, which was blunted in the presence of PGRN ( Figure  1 , G and H). Consistently, IFN-γ expression in NK cells was reduced when incubated with PGRN ( Figure 1I ). Proteolytic cleavage of the PGRN by elastase gives rise to smaller peptide fragments, termed granulin (38) , and we wondered whether granulin would have a similar effect on NK cells (Supplemental Figure 1E ). Interestingly, following exposure of NK cells with elastase-treated PGRN, no granzyme B-suppressing effects were observed (Supplemental Figure 1 , E and F). These data suggest that PGRN mediated NK cell suppression.
Next, we wondered whether PGRN would suppress human NK cells. We cultured whole healthy donor PBMCs and analyzed NK cell activity. We found a significant reduction in degranulation of total and CD56 dim NK cells in response to HLA-devoid cell lines K562 and 721.221 in the presence of PGRN ( Figure 2, A and B ). Furthermore, IFN-γ levels in human NK cells were also reduced following exposure to PGRN ( Figure 2 , C and D). Taken together, these data indicate that PGRN can reduce NK cell cytotoxicity by limiting expression of effector molecules. PGRN decreases cyclin T1 and CDK9 expression in NK cells. Next, we explored the mechanism by which PGRN might limit NK cell cytotoxicity. NK cells can be self-regulated through cytotoxicity-mediated fratricide, which itself is triggered by the critical effector molecule perforin (37, 39) . When we cultured perforin-deficient (Prf1 -/-) NK cells with PGRN, we still found inhibition of NK cell expansion in tissue culture (Supplemental Figure 2A ), suggesting that perforin is not functionally contributing to the phenotype. PGRN has been shown to reduce TNF receptor 1 (TNFR1) signaling (5) . However, Tnfrsf1a -/and Tnfrsf1b -/-NK cells were characterized by similarly reduced levels of granzyme B compared with control NK cells following PGRN treatment (Supplemental Figure 2B ). These results suggest that PGRN-mediated NK suppression is not TNFR dependent. We therefore wondered whether transcription factors regulating granzyme B expression could be affected following PGRN treatment. It has been previously shown that PGRN can bind to the positive transcription elongation factor b (P-TEFb), which consists of cyclin T1 and CDK9 (40) . Knockdown of CDK9 and cyclin T1 results in the inhibition of T cell effector function attributable to the reduced expression of perforin and granzyme B (41) . We wondered whether the same connection linking PGRN and CDK9/Cylclin T1 in T cells would also be applicable to NK cells.
Firstly, we treated NK cell cultures with SNS-032, a cyclin T1/CDK9 inhibitor, and found that granzyme B expression in NK cell cultures was blocked ( Figure 3A ). We wondered whether PGRN was taken up by the NK cells, and we confirmed this using immunoblot analysis of NK cell lysates ( Figure 3B ). Furthermore, in the presence of PGRN, there was a significant reduction of Cdk9 mRNA expression levels in NK cells compared with the control conditions ( Figure 3C ), which was corroborated on a protein level using immunoblot analysis ( Figure 3D ). CDK9 cooperates with cyclin T1 to induce transcription (42) , and we also found reduced protein levels of cyclin T1 following treatment of NK cells with PGRN ( Figure  3D ). The reduction of cyclin T1 protein levels following incubation with PGRN was further confirmed by flow cytometry ( Figure 3E ) and immunofluorescence analyses ( Figure 3F ). It has been previously reported that IL-2 promotes RNA polymerase II recruitment to the promoter of IL-2-induced genes (43) . A histidine-rich domain in cyclin T1 promotes phosphorylation of the C-terminal domain of RNA polymerase II, which can be prevented by PGRN (40, 44) . Reduced phosphorylation (pSer2) of RNA polymerase II was indeed detected in NK cells during PGRN treatment ( Figure 3G ). The above data indicate that PGRN limits the expression of key transcription factors CDK9 and cyclin T1, which are, in turn, critical for the transcription of NK cell effector molecules. 
IFN-I triggers PGRN secretion following infection with LCMV.
PGRN can be produced by macrophages, microglia, and endothelial cells in response to inflammatory stimuli and/or tissue damage (1) . We wondered about the effects of PGRN during viral infection. To address this, we used the noncytopathic lymphocytic choriomeningitis virus (LCMV), which is commonly used to study CD8 + effector T cell-mediated immunity. We found increased mRNA expression levels of Grn following infection with LCMV ( Figure  4A ). As expected, serum PGRN protein levels were elevated compared with uninfected controls ( Figure  4B ). To investigate which cell types might be a source of PGRN, we analyzed serum PGRN levels in mice deficient for different immune subsets after LCMV infection. We did not find a reduction of PGRN levels in the absence of B cells and T cells (Rag1 -/mice), CD169 + cells (CD169 diphtheria toxin receptor mice; CD169-DTR), or CD11c + (CD11c-DTR) cells after LCMV infection (Supplemental Figure 3 , A-C). However, serum PGRN levels were decreased following treatment with the phagocyte-depleting compound Clodronate during LCMV infection ( Figure 4C ). As the reduction of PGRN was not complete compared with basal preinfection levels, this indicates that cell types other than macrophages also contribute to PGRN secretion. Consistently, we observed comparable PGRN levels in lethally irradiated WT mice reconstituted with either control or Grn -/-BM cells (Supplemental Figure 3D ). This result indicates that cell subsets other than immune cells can produce PGRN during LCMV infection.
Next, we wondered how PGRN secretion was triggered following infection. Early antiviral defenses highly depend on IFN-I (45) . Therefore, we speculated that innate IFN-I might trigger PGRN secretion. When BM-derived macrophages (BMDMs) were infected with LCMV in vitro, we observed increased secretion of PGRN in the supernatants ( Figure 4D ). However, in IFN-I binding receptor-deficient (Ifnar1 -/-) BMDMs, PGRN secretion was not elevated and supernatant PGRN levels were similar to the naive control conditions ( Figure 4D ). When Ifnar1 -/mice were infected with LCMV, we measured a reduction of Grn mRNA levels in spleen tissue when compared with WT control animals ( Figure 4E ). Furthermore, we observed no serum PGRN increase in Ifnar1 -/mice following infection when compared with serum samples from WT control animals ( Figure 4F ). Taken together, these data demonstrate a striking increase in PGRN secretion during LCMV infection, which was dependent on IFN-I signaling.
T cell immunity following LCMV infection is blunted by PGRN deficiency. Next, we wondered whether there were functional consequences affecting antiviral immunity of the PGRN secretion triggered by LCMV infection. Naive PGRN-deficient mice (Grn -/-) exhibited comparable CD8 + and CD4 + T cells compared with WT animals (Supplemental Figure 4, A and B ). However, following infection with LCMV, Grn -/mice showed a reduced presence of antiviral CD8 + T cells when compared with corresponding control animals ( Figure 5A and Supplemental Figure 5A ). Consistently, we found increased expression of PD-1 on antiviral (gp33-H2-D b -tetramer + ) T cells from Grn -/mice, which is associated with T cell exhaustion ( Figure 5B and Supplemental Figure 5B ). Furthermore, when we restimulated splenocytes with LCMV epitope gp33 peptides, we observed reduced IFN-γ production in CD8 + T cells from Grn -/mice compared with controls ( Figure 5C and Supplemental Figure 5C ). Control and clearance of LCMV depends on antiviral CD8 + T cell immunity, and as expected, increased LCMV titers were detected in Grn -/mice when compared with controls ( Figure 5D ). While control animals eliminated LCMV at later time points following LCMV infections (day 20), we still observed LCMV titers in Grn -/mice, indicating that absence of PGRN can result in a prolonged viral infection (Supplemental Figure 5D ). As we observed increased LCMV nuclear protein-positive (LCMV-NP + ) cells in sections of snap-frozen liver tissue harvested from Grn -/mice when compared with control animals ( Figure 5E ), we speculated that PGRN might exert direct antiviral effects. However, when N2a neuroblastoma, Vero, or L929 cells were exposed to PGRN in tissue culture experiments, we did not observe any changes in LCMV replication (Supplemental Figure 6 , A-C). Hepatic replication of LCMV can result in T cell-mediated liver damage (46, 47) . The enzyme alanine aminotransferase (ALT) activity in the serum of LCMV-infected Grn -/animals was markedly increased compared with control animals, suggesting that liver pathology was increased in the absence of PGRN ( Figure 5F ). In addition, when we treated WT mice with recombinant PGRN throughout LCMV infection, we observed enhanced antiviral CD8 + T cell immunity ( Figure 5 , G-I).
Next, we examined whether the observed defective T cell immunity following LCMV infection in Grn -/mice was caused by T cell intrinsic effects. We adoptively transferred negatively sorted CD8 + T cells, from a mouse carrying a TCR recognizing the LCMV antigen gp33 (P14 cells) (48), to Grn -/and control mice. We found reduced expansion of P14 cells in Grn -/hosts following LCMV infection when compared with control hosts ( Figure 6A ). Moreover, we found persistence of LCMV in Grn -/mice in the presence of P14 cells when compared with PGRN-expressing control animals ( Figure 6B ). ALT and aspartate aminotransferase (AST) activities were increased in Grn -/hosts when compared with control animals ( Figure 6C ). Furthermore, when we analyzed the liver fibrosis marker α-smooth muscle actin (α-SMA), we found increased presence of α-SMA in Grn -/liver tissue sections, when compared with control mice ( Figure 6D ). Next, we wondered whether PGRN affected T cell activation. Stimulation of WT CD8 + T cells with anti-CD3/anti-CD28 antibodies or PMA/ionomycin in the presence or absence of PGRN did not affect proliferation or activation of CD8 + T cells (Supplemental Figure 7, A and B) . To further investigate the effects of PGRN on T cells, purified CD8 + T cells were activated with anti-CD3/anti-CD28 antibodies and recombinant PGRN for 24 hours. Flow cytometry analysis showed that PGRN had no effects on apoptosis of CD8 + T cells in this setting (Supplemental Figure 7C) . Additionally, PGRN also had no effects on IFN-γ expression of CD8 + T cells in the absence or presence of PGRN, when splenocytes from LCMV-infected mice were rechallenged with gp33 peptides (Supplemental Figure 7D) .
Taken together, these data indicate that PGRN deficiency resulted in decreased antiviral T cell immunity and increased pathology during LCMV infection and these effects were independent of T cell intrinsic effects.
PGRN deficiency results in excessive NK cell-mediated regulation of antiviral T cells. While PGRN had a direct NK cell inhibitory activity in vitro, absence of PGRN in vivo resulted into reduced T cell activity following infection. We therefore speculated that NK cells in Grn -/mice limited antiviral T cells during LCMV infection, which could contribute to establishment of a persistent viral infection (26) (27) (28) . We first examined the development of NK cell and innate lymphoid cells (ILCs) in naive animals. Grn -/mice had the same amount of the NK cell precursors as control mice (Supplemental Figure 8A ). Absolute numbers of both NK cell and ILC subsets were comparable between naive control and Grn -/mice (Supplemental Figure 8 , B and C). The surface receptor expression on NK cells from different organs was also similar in both groups before infection (Supplemental Figure 8D ). In addition, NK cell numbers and surface NK cell receptor expression changed in a similar way in control and Grn -/mice following LCMV infection (Supplemental Figure 9, A and B) . NK cells from Grn -/and control splenocytes showed comparable granzyme B and IFN-γ production following NK cell stimulation (Supplemental Figure 9 , C and D). These data suggest that NK cell development was not dependent on PGRN. As PGRN can be produced in vitro by macrophages following LCMV infection, we mixed naive WT NK cells with LCMV-infected BMDMs from control and Grn -/mice. CD27 + CD11b + NK cells have been shown to exhibit highly cytotoxic effects to RMA/S cells, whereas CD27 -CD11b + NK cells only displayed background levels of cytotoxicity in this setting (49) . Following exposure of LCMV-infected Grn -/-BMDMs, we observed an increased presence of CD27 + CD11b + NK cells compared with control BMDMs (Supplemental Figure 9E) .
NK cell-mediated IFN-γ production was increased in Grn -/mice when compared with PGRN-competent mice during LCMV infection ( Figure 7A ). Notably, we monitored, that NK cell-mediated killing was slightly enhanced in ex vivo assays using splenocytes harvested from LCMV-infected Grn -/mice compared with controls ( Figure 7B ). Consistently, when we transferred LCMV-specific P14 T cells, we observed increased cell death of transferred cells following LCMV infection in Grn -/mice when compared with controls ( Figure 7C) . Notably, MHC-I expression levels on overall CD8 + T cells were not affected in Grn -/mice during LCMV infection (Supplemental Figure 9F ). We reasoned that antiviral T cells were being attacked by NK cells in the absence of PGRN. As expected, when we depleted NK cells in Grn -/and control mice prior to infection with LCMV, antiviral CD8 + T cell immunity was restored ( Figure 7D ). Furthermore, we found highly increased CD8 + T cell-mediated IFN-γ production following restimulation with LCMV gp33 peptides in NK cell-depleted Grn -/mice ( Figure 7E) . Notably, NK cell-depleted Grn -/mice exhibited disease symptoms over the course of infection and were sacrificed, which is consistent with increased T cell immunity during LCMV infection (Supplemental Figure 9G and ref. 26 ). Consistently, LCMV was eliminated at day 12 after infection following NK cell depletion in Grn -/mice, in sharp contrast with NK cell-competent Grn -/mice, which showed high LCMV titers ( Figure 7F ). Furthermore, when we analyzed LCMV-NP expression in liver tissue, we found enhanced LCMV-NP expression in Grn -/mice but reduced expression in NK cell-depleted Grn -/mice ( Figure 7G ). At this time point, liver enzymes (AST/ALT; Figure 7H ), as well as α-SMA expression ( Figure 7I ), were markedly reduced in the absence of NK cells in Grn -/animals. Taken together, we conclude that PGRN reduces cytotoxic NK cell activity and, as a consequence, increases antiviral T cell immunity, resulting in clearance of LCMV.
Discussion
In this study, we discovered that PGRN limited NK cell cytotoxicity through suppressing cyclin T1 and CDK9 expression in NK cells. Grn -/mice demonstrated increased NK cell-mediated regulation of antiviral T cells during LCMV infection, which was associated with prolonged LCMV infection. In turn, NK cell depletion rescued defective T cell immunity and prevented viral persistence in Grn -/mice during infection with LCMV.
As has been previously demonstrated, PGRN plays a role during immune reactions and inflammation. Absence of PGRN in mice results in increased cytokine production by macrophages and microglia, which can contribute to increased neuroinflammation (6) . PGRN also promotes autophagy and is important during infections with L. monocytogenes (6, 15) . Considering our data, increased NK cell activity in Grn -/mice might also trigger enhanced activation of macrophages. Furthermore, depletion of NK cells results in accelerated clearance of L. monocytogenes (50) , while activation of adaptive T cell immunity is protective (51) . It is tempting to speculate that increased NK cell activity in the absence of PGRN might also cause diminished T cell immunity during L. monocytogenes infection and contribute to the reported severe pathological effects (6, 15) . In addition, PGRN can prevent establishment of rheumatoid arthritis, while PGRN-deficient mice are highly susceptible to arthritis (5) . Grn -/mice have decreased Tregs compared with control animals and, therefore, exhibit enhanced inflammation during arthritis (52) . Consistently, T cell proliferation could be reduced during PGRN treatment by induction of Tregs in bulk cultures (53) . Tregs rather limit T cell immunity during LCMV infection (54) . Hence, we speculate that NK cells, rather than Tregs, affect T cell immunity in our settings. Although the role of NK cells during the establishment of collagen-induced arthritis is not entirely clear (55), NK cells might exert protective effects by limiting T cell immunity (56, 57) . In turn, reports have described that NK cells contribute to bone erosions during rheumatoid arthritis (58) . Our data showing that PGRN inhibits NK cell immunity might either point to a pathological role of NK cells or NK cell-independent effects of PGRN during rheumatoid arthritis. PGRN can promote tumor growth and metastasis (2, 3) . Considering our data, PGRN might also inhibit cytotoxic NK cell immunity against tumor cells and, through this mechanism, promote their growth and dissemination. Taken together, we have discovered an additional potentially novel mechanism by which PGRN, through its modulation of NK cells, might contribute to the course of bacterial and viral infections, autoimmune disease, and cancer.
Our findings indicate that PGRN affects NK cell effector molecule expression. Previous studies have shown that the PGRN binding receptor SORT1 regulates trafficking of vesicles within T cells (20) . Accordingly, T cell-mediated cytotoxicity was reduced in sharp contrast to IFN-γ secretion (20) . In our experimental setup, we observed reduced antiviral CD8 + T cell-mediated IFN-γ production following infection with LCMV. However, following NK cell depletion, IFN-γ production of LCMV-specific T cells was restored. Hence, we speculate that the observed defects during LCMV infection mainly depend on NK cells. Notably, we did not find an intrinsic difference between cultured NK cells from WT and Grn -/mice. Therefore, PGRN as a modulator of NK cells is produced by other cell types, including innate immune cells. SORT1 has been shown to recruit PGRN toward the lysosome (13) . Absence of PGRN results in defective autophagy and accumulation of inclusions of TDP-43 (15) . Moreover, PGRN can bind to Lamp-1, which itself protects against perforin-mediated killing (22) . However, as we still identified an inhibitory role of PGRN in perforin-deficient NK cells, PGRN likely does not affect autoregulation by NK cells. In contrast, our data show that PGRN reduces RNA expression levels of genes encoding for NK cell effector proteins. Expression of effector molecules triggering cytotoxicity is promoted by the P-TEFb subunits cyclin T1 and CDK9 (41) . PGRN can bind to cyclin T1 and inhibit phosphorylation of the RNA polymerase II, which results in inhibition of transcription (40) . Hence, we speculate that PGRN Figure 7 . NK cell depletion restores defective T Cell immunity and prevents pathology in Grn -/mice. (A and B) WT and Grn -/mice were infected with 2 × 10 6 LCMV. Splenocytes were collected and incubated with RMA/S cells for 16 hours. (A) IFN-γ + NK cells were measured by flow cytometry (n = 8-15). (B) NK cell-mediated killing to RMA/S cells were measured (n = 12-14). (C) WT and Grn -/mice were transferred with 1 × 10 6 P14 T cells, followed by infection with 2 × 10 6 pfu LCMV. The frequency (left panel) and cell numbers (right panel) of apoptotic P14 cells were determined at day 2 after infection. (n = 5-6). (D-I) WT and Grn -/mice were treated with anti-NK1.1 (αNK1.1) antibody, followed by infection with 2 × 10 6 pfu WE. (D) Gp33-specific CD8 + T cells were determined by flow cytometry in blood samples from all groups, as indicated at the specified time points after infection (n = 5-8. *P < 0.05 between Grn -/and WT group). (E) IFN-γ + CD8 + T cells were measured by flow cytometry following gp33 peptide stimulation (n = 8-10). n.c. represents negative control. (F) Virus titers were measured in indicated organs at day 12 after infection (n =8-9). can reduce the cytotoxicity of NK cells through transcriptional downregulation of critical effector proteins. It remains unclear, however, whether these effects would also be observed in cytotoxic T cells, as -during LCMV infection -NK cell-mediated regulation of antiviral T cells could have masked and outweighed potential direct effects of PGRN on T cells.
In conclusion, we show that PGRN inhibits NK cell function in vitro and in vivo and critically affects the outcome of antigen-specific T cell immunity.
Methods
Mice. Grn -/-(B6[Cg]-Grn tm1.1Aidi /J) mice, which were previously described (from The Jackson Laboratories, stock no. 01375) (6) , were used and compared with C57BL/6J mice. Rag1 -/-, Ifnar1 -/-, CD169-DTR, CD11c-DTR, and CD45.1 + P14 mice were maintained under specific pathogen-free (SPF) conditions. For chimera experiments, WT mice were irradiated with 10.5 Gy. One day later, mice were reconstituted with BM cells from indicated donors. Six-to 8-week-old age-matched and sex-matched mice were used for all experiments. All mice used in this study were maintained in standard barrier facility at Heinrich-Heine-University Düsseldorf.
Virus. LCMV strain WE was originally obtained from F. Lahmann-Grube (Heinrich Pette Institute, Hamburg, Germany). LCMV-WE was propagated in L929 cells as previously described (59) . Virus titers were assessed using a plaque-forming assay as previously described (60) .
Reagents , and CD16 (eBioCB16, 47-0168-42) were from eBioscience; and CD107a (H4A3, 561348) was from BD Biosciences. Inhibitor (SNS-032) against cyclin T1/CDK9 was purchased from Selleck Chemicals (S1145). Mouse PGRN ELISA kit (EMGRN) and granzyme B (catalog 88-8022-22) were purchased from Invitrogen. Foxp3 mouse Treg Staining Buffer Set (eBioscience, 00-5523-00) was used. NK cell isolation kits (catalog 130-052-501) were from Miltenyi Biotec. Cell Proliferation Dye eFluor 450 (Invitrogen, 65-0842-85) was used for NK cell, Rma, and RMA/S cell labeling. Apoptotic cells or dead cells were stained with 7-AAD (Invitrogen, 00-6993-50) and Annexin V (BD Biosciences, 550474) in Annexin V staining buffer (BD Pharmingen, 51-66121E). Complete protease inhibitor cocktail (MilliporeSigma, 329-98-6) was used to lysate NK cells. RNeasy Mini Kits (250) (QIAGEN, 74106) were used for RNA extraction. Elastase was used for PGRN digestion to granulin (MilliporeSigma, E8140). CDK9 (Cell Signaling Technology, 2316S), cyclin T1 (Abcam, ab184703), phosphor-Ser2-RNA polymerase II (pSer2-R II, Abcam, ab193468) and α-SMA (Abcam, ab32575) antibodies were used. Anti-Rat IgG (Jackson ImmunoResearch, 112-116-072) were used for LCMV-NP staining; Cy3-conjugated goat anti-rabbit IgG (Jackson ImmunoResearch, 111-165-144) was used for cyclin T1 and phosphor-RNA polymerase II (pSer2-R II) flow cytometry staining. Horseradish peroxidaseconjugated (HRP-conjugated) goat anti-rat IgG (Jackson ImmunoResearch, 112-035-003) was used for plaque assasys. IRDye 800CW goat anti-rabbit IgG secondary antibody (LI-COR, 926-32211) was used for Western blotting (see complete unedited blots in the supplemental material). HRP-conjugated rabbit anti-β-actin antibody was used for Western blotting (Cell Signaling Technology, 5125S). PageRuler Prestained Protein Ladder (Thermo Fisher Scientific, 26617) was used. Recombinant mouse IL-2 (Miltenyi Biotec, 130-12-333); mouse IL-12 (BioLegend, 577002), mouse IL-15 (Peprotech, 210-15), and mouse IL-18 (BioLegend, 767002) were used. PMA (MilliporeSigma, P8139) and ionomycin calcium salt (MilliporeSigma, I0634) were used for T cell activation.
ELISA. The serum from infected mice were collected for examining the PGRN levels at day 1 after infection (LCMV-WE). Granzyme B levels in the supernatant of NK cell cultures were measured by granzyme B ELISA kit. All experiments were performed according to the manufacturers' instructions.
Recombinant human PGRN purification. Stable PGRN-expressing HEK-293T cells were used. The supernatants from these cells had been collected and HiTrap TALON (GE Healthcare) crude columns, and AktaPrime were used for PGRN purification according to the manufacturers' instructions.
Cell purification and culture. Single-cell suspended splenocytes were enriched following the manufacturer's instructions with the DX5 MACS kit. Isolated NK cells were expanded by 1,000 IU/ml IL-2 with or without indicated concentration of PGRN in RPMI-1640 (containing 10% FBS, 2 mM L-glutamin, and 100 U/ml penicillin-streptomycin) for 4 days in a humidified cell culture incubator at 37°C with 5% CO 2 . Vero, N2a neuroblastoma, and L929 cells were cultured in Eagle's Minimum Essential Medium (Hyclone) supplemented with 10% FBS and 100 U/ml penicillin-streptomycin (Thermo Fisher Scientific) in a humidified cell culture incubator at 37°C with 5% CO 2 .
Flow cytometry. Tetramer and intracellular cytokine staining were performed as described previously (59) . For intracellular staining, Foxp3 mouse Treg staining buffer sets were used according to the manufacturer's protocol. ILC and NK cell staining were performed as previously described (32) . Experiments were performed using a FACS Fortessa (BD Bioscience) and analyzed with FlowJo software (Treestar).
NK cell cytotoxicity assays. Freshly insolated NK cells were expanded by IL-2 for 4 days. Susceptible RMA/S and RMA cells were labeled by 10 μM Cell Proliferation Dye eFluor 450 and exposed to NK cells at indicated effectors/targets ratios. Eighteen hours later, 7-AAD was added, and the percentage of 7-AAD + cells among eF450 + target cells was determined by flow cytometry. Control and Grn -/mice were infected with LCMV-WE strain (2 × 10 6 pfu) for 24 hours. Splenocytes were collected and mixed with RMA/S cells at indicated effector/target ratio for 18 hours. 7-AAD was added, and the percentage of 7-AAD + cells among eF450 + target cells was determined by flow cytometry.
Cell depletion. NK cells were depleted with i.v. injections of anti-NK1.1 (clone PK136) as previously described (61) . For depletion of macrophages, mice were treated with Clodronate liposomes (200 μl), and control mice were treated with empty control liposomes (200 μl) as previously described (62) . For CD11c + and CD169 + cell depletion, CD11c-DTR and CD169-DTR mice were injected with 0.01 mg/kg body weight diphtheria toxin (DT) for 24 hours.
IHC. Histological analysis of snap-frozen tissue was performed as previously described by using anti-α-SMA and self-made anti-LCMV-NP monoclonal antibody (clone VL4) (32) . NK cell cyclin T1 was stained using the Foxp3 staining kit, and these cells were cytospun onto slides. Cells were visualized with the Zeiss fluorescence microscope after staining with 4,6-diamidino-2-phenylindole.
Quantitative PCR. RNA purification was performed according to the manufacturer's instructions (QIAGEN). Gene expression analysis of Cdk9, Ccnt 1, Gzmb, Grn, and Prf1 were performed using kits from Applied Biosystems. All primers are listed in Supplemental Table 1 . For analysis, the expression levels of all genes were normalized to GAPDH or Actin. Then, gene expression values were calculated based on the ΔΔCt method relative to controls.
Immunoblotting. NK cells were lysed with lysis buffer (20 mM Tris-HCL, pH 7.5; 0.5% Nonidet P-40; 10 mM NaCl; and 3 mM EDTA) containing complete protease inhibitor cocktail for 30 minutes on ice. Cell lysates were separated by SDS-PAGE and analyzed with immunoblotting. Immunoblots were probed with primary antibody: cyclin T1, PGRN, CDK9, and β-actin, followed by secondary antibody or enhanced chemiluminescence detection of fluorescence secondary antibody, and detected by LI-COR imager (Odyssey Fc, LI-COR Biosciences).
BMDM culture. BM cells were collected and cultured in DMEM supplemented with 10% FBS and 20% L929 cell culture supernatant. At day 7, differentiated BMDMs were treated with LCMV-WE (MOI, 1) for 48 hours. The levels of PGRN in these supernatants were measured by ELISA.
Statistics. Data are expressed as mean ± SEM. For analysis of statistical significance between 2 groups, a Student's t test (2-tailed) was used. For the analysis of human NK cell data, paired Student's t test (2-tailed) was used. For the analysis of multiple time point experiments, 2-way ANOVA was used; a P value less than 0.05 was considered significant. Statistical analysis was performed using GraphPad Prism.
Study approval. Cryopreserved PBMCs from 15 healthy donors were used in this study. Informed consent was obtained from each donor, and the study protocol was approved by the local ethics committee of the University Hospital Dusseldorf (Ethical number is NR: 2018-131-KFogU). Animal experiments were performed under the authorization of Landesamt für Natur, Umwelt, und Verbraucherschutz Nordrhein-Westfalen (LANUV) in accordance with German law for animal protection.
